The dependency on rainfed agriculture and weak adaptability of the agricultural sector to climate change threaten food security in Sub-Saharan Africa (SSA). Biochar has widely been touted as a relatively easy means of increasing the soil water storage capacity of soils and thereby improving or maintaining crop yields. In this study we simulated the effect of biochar amendment on sorghum aboveground biomass and grain yield at a site in South Sudan. We used the model AquaCrop parameterized using site, soil, and cropping management data from a field experiment carried out at the site in 2011 and 2012, which were both wet years. Changes in soil hydraulic properties due to biochar were based on a published meta-analysis study. In order to investigate whether the response to biochar differed in dry years, simulations were also carried out for 1990, which was the driest year during the period 1979-2014. Measured and modelled biomass and yields with and without biochar for 2011 and 2012 were compared. Simulated and measured yields depended on growing season rainfall and distribution. The simulations showed that biochar amendment had an effect on rooting zone soil water content and sorghum biomass and grain yield in 1990, but not in 2011 and 2012. In view of expected climate change, the results have important implications for sorghum production and the potential use of biochar in SSA. Given the limited response of grain yield to biochar shown in our simulations, careful selection of sorghum variety and cultivar and consideration of planting date may be a more effective means of improving yields than applying biochar.
Introduction
Water stress and loss of soil fertility are the most liming factors affecting agricultural production and livelihoods in drylands of Asia and Sub-Saharan Africa (SSA) [1] . The impact is particularly great for rainfed agricultural systems such as in SSA, where rainfall anomalies causes crop failure and food insecurity [2] . Climate change projections for SSA indicate increases in temperature and a reduction, but increased variability, in rainfall, which will have important negative implications for agriculture and livelihoods [3, 4] .
Sorghum (Sorghum bicolor L. Moench) is an important staple food, feed, and biofuel crop, and a main source of protein for millions of people in Asia and Africa [5] . In 2017, Asia accounted for 14.5% of global sorghum grain production (57.6 Tg) and Africa 47.3% [6] . Although sorghum is an indigenous cereal crop of Africa, its cultivation is spreading rapidly to other continents and it is currently cultivated in the tropics, subtropics, and temperate regions [6, 7] . Sorghum is the second main staple food crop in SSA and is the main food crop in South Sudan after maize [8] . Although there is potential to increase sorghum production, yields are very low and variable in SSA where cultivation is rainfed and both soils and agronomic management are poor. There is therefore a need to explore the use of soil amendments to improve soil fertility and increase crop yields, especially in the face of impending climate change [9] .
Biochar is biomass that has been heated in the absence of or with limited air to above 250 • C (pyrolysis), a process that results in an enrichment of C, phosphorus (P), calcium (Ca), and magnesium (Mg) and is porous, thus having considerable water-holding properties [10] . As a result of its perceived benefits for crop productivity, biochar is being increasingly used in agriculture worldwide, including in the tropics. Biochar-related increases in crop productivity have been attributed to improvements in soil fertility and storage of plant-available water, as presented in a number of meta-analysis studies [11] [12] [13] . These reviews show that the effects of biochar vary with biochar dose, source material, and production process; soil texture and baseline hydraulic properties; baseline soil fertility; whether the study was conducted in the field or in the lab (greenhouse); and whether the study is carried out in a temperate zone or in the tropics. However, as noted in each of the reviews, the effect of biochar on crop productivity is not universally beneficial and biochar can indeed have negative effects. The main benefit of applying biochar in SSA [14] , where much of the agriculture is rainfed, may be expected to be its effect on increasing the water-holding capacity of the soil, but the results have been contradictory. Nyambo et al. [15] reported that the application of biochar made from maize residues significantly improved soil physicochemical properties in a study carried out in South Africa. Kätterer et al. [16] reported that biochar produced from Acacia species slightly increased soil pH, plant-available phosphorus, porosity, and soil water-holding capacity of clay soils in Kenya, and considerably increased yields of maize and soybean. On the other hand, Deng et al. [17] found that the addition of Acacia seyal biochar, while potentially increasing soil water storage by 30%, resulted in no detectable improvement in sorghum biomass and grain yield in South Sudan. In a companion paper in which the same sorghum cultivar was grown in a greenhouse pot experiment under differing drought stresses, the same biochar and dosage resulted in no significant increase in biomass and grain yields [18] .
Our objectives in this paper were to (1) simulate the effect of biochar amendment on soil moisture contents and sorghum water-use (transpiration) at a site in South Sudan, (2) simulate the effect of biochar amendment on sorghum biomass and grain yield and compare with measured values at the site, and (3) determine whether the above responses to biochar amendment differed between dry and wet years. We hypothesized that changes in soil hydraulic properties brought about by the application of biochar would increase soil moisture contents, crop water-use, and aboveground biomass production and grain yield of sorghum, and that the effect would be greater in drier years. For this purpose, we used the crop water productivity model AquaCrop, developed by the FAO [7, 19] , to simulate the effect of meta-analysis-reported changes in soil hydraulic properties brought about by the application of biochar [12] on biomass production and grain yield for one extremely dry (1990) and two extremely wet (2011 and 2012) years. The results are compared to experimentally determined sorghum biomass and grain yield data for 2011 and 2012 from the same site [17] .
Materials and Methods

Field Site and Experiment
The study was carried out for a location 15 km north of the town of Renk in South Sudan (11.97 • N, 32.76 • E, 380 m a.s.l.). The area has a semi-arid climate with a distinct wet season generally occurring between May and October, and the dominant soil type in the area is Vertisol. However, the clay is covered by a 30 cm thick layer of silt loam at the site.
In 2011 and 2012, an agroforestry field experiment looking into the effects of Acacia seyal tree density and biochar on sorghum production and grain yield was carried out [17] . The experiment had a split-plot design with two factors, namely, tree-cropping tree density (0 trees ha −1 , 100 trees ha −1 , and 400 trees ha −1 ) and biochar treatment (0 Mg ha −1 and 10 Mg ha −1 ). There were three replicates of each combination of tree-cropping tree density and biochar treatment arranged in three blocks. The biochar used consisted of crushed Acacia seyal charcoal produced locally in traditional mound kilns. The biochar was applied once at the beginning of the experiment (30 July 2011) by spreading it evenly over the surface of the selected subplots by hand and mixing it into soil to a depth of approximately 10 cm using hand hoes. Seeds of the sorghum cultivar "Wad Ahmed" were sown on 3 August 2011 and 5 August 2012 at spacings of 0.7 m between rows and 0.3 m between plants. After germination, the plants were thinned to one plant per seeded spot, resulting in 47,619-46,800 plants ha −1 depending on whether there were trees or not. No chemical fertilizer or insecticides were applied, but 2,4-D herbicide was applied once (29 August 2011) to control broadleaved weeds, and grass weeds were manually removed twice during the growing season in both years. The experiment was rainfed. At harvest-time (6 November 2011 and 10 November 2012) the aboveground biomass and grain yield were determined. For the purposes of this paper, we used the measured sorghum aboveground biomass and grain yield values from the no-tree-sorghum-only treatment plots to compare with the AquaCrop-simulated values as the treed treatments had a dominating effect compared to that of the biochar treatment.
The AquaCrop Model
AquaCrop is a water-driven model that simulates aboveground biomass production and yields of herbaceous crops as a function of water consumption in water-limiting environments [7, 19] .
AquaCrop has a daily time step and uses the linear relationship between biomass production and water-use (transpiration (Tr)), defined by the so-called water productivity parameter (WP), to calculate aboveground biomass from Tr. If WP is normalized for potential evapotranspiration demand (ETo) and atmospheric CO 2 concentrations it becomes nearly constant for a specific crop and is therefore conservative. The proportion of grain yield is calculated from aboveground biomass using a harvesting index (HI), i.e., the ratio of yield to aboveground biomass, which is specific for a particular crop. The development of crop canopy cover determines Tr and thereby aboveground biomass production and, also, through HI, grain yield. The crop response to water and nutrient stress is taken into account using various stress coefficients (Ks), which typically take a convex form, to modify various model parameters.
The input data are weather data (daily air temperature, rainfall, wind speed, relative humidity, solar radiation, and atmospheric CO 2 concentrations), various crop and soil characteristics, and management practices that affect the environment in which the crop grows. The most important crop characteristics are planting density, canopy cover and phenological development, and the harvest index for the crop grown under optimal conditions (HIo). Soil profile properties include thickness, volumetric water content at field capacity (θ FC ), permanent wilting point (θ PWP ), saturation (θ SAT ), saturated hydraulic conductivity (K sat ), stone content, and root penetrability. The hydraulic properties θ FC , θ PWP , θ SAT , and K sat are those soil properties that are affected by biochar amendment (see below). Soil water storage capacity increases over time as a result of root deepening over the growing season. Rooting depth starts from a minimum effective depth, the depth from which the germinating seed extracts water, and then deepens exponentially to the maximum effective rooting depth. If the depth to the groundwater table and the soil texture is such that water is brought into the rooting zone by capillary rise, that can then be taken into account, as can the salinity of the groundwater. Surface runoff is calculated using the surface runoff curve number (CN) method. Infiltration is taken as the difference between rainfall and surface runoff. Drainage from the soil profile is based on an exponential function of soil water content held between saturation and field capacity. Management practices are divided into field management practices which alter the runoff CN value (i.e., weeding, mulches, and soil bunding practices) and irrigation practices (irrigation or rainfed). The structure and algorithms used in AquaCrop are fully described in Raes et al. [20, 21] . We used the latest version of AquaCrop (6.1) in this study.
AquaCrop-Simulated Effect of Biochar on Sorghum Production and Yield
Model Input Data and Parameters
Parameter values used in the simulations are given in Table S1 . The date of seeding in 2011 and 2012 was taken to be that used in the field experiment and that for 1990 to be 5/8 so as to correspond to that of the field experiment dates for 2011 and 2012.
Climate Data
Climate data was obtained from the National Centers for Environmental Prediction's Climate Forecast System Reanalysis (CFRS) dataset [22] [23] [24] . Daily CFRS data for the pixel having a north-east corner located at 12.0248 • N, 32.8133 • E and south-west corner at 11.9093 • N, 32.7007 • E (field experiment site located in the center) for the period 1979-2014 was downloaded [25] and data for the years 1990, 2011, and 2012 extracted. Simulating the effect of biochar amendment for each of these three years enabled us to compare simulated yields with observed values (2011 and 2012) and also to determine if the yield response to biochar differed between very dry years (1990) and very wet years (2011 and 2012). The CFRS data consists of daily maximum and minimum air temperature, rainfall, relative humidity, wind speed, and net solar radiation, which therefore enabled a reliable calculation of daily Penman-Monteith reference ETo values [26] . Default Angström equation coefficient values (a = 0.25 and b = 0.50) were used. Mauna Luo atmospheric CO 2 concentration data provided by AquaCrop was used (Table S2 ).
Crop Growth and Development Parameters
Tuning of the crop parameters was performed as described in reference manual [21] and then AquaCrop was run in the Growing Degree-Days (GDD) mode, that is, crop development and phenology were determined by the daily temperatures of each year (Table S2 ). The default base and upper temperatures (T base and T upper , respectively), 8 • C and 30 • C, respectively, were used. The sowing date and planting density were the only field experiment crop data included in AquaCrop simulations. The harvesting date corresponds to the date when the crop reaches maturity.
In order to simulate biomass and grain yield values which were similar to those measured in the field experiment we had to invoke a soil fertility stress in all simulations. The parameter values used for this stress are included in Table S1 and are the values that resulted in the closest match to the 2011 and 2012 measured aboveground biomass and grain yields with and without biochar.
Field Management
The simulations were set to rainfed as no irrigation was carried out at the experiment site and no mulches were applied or bunds constructed. However, as herbicide and weeding were carried out in the experiment (see earlier), weeding management was set to very good, i.e., weeds accounted for only 5% of the canopy cover over the season. While this weeding setting had no effect on canopy cover (CC) in the simulations, we assumed that it would affect surface runoff and infiltration. The runoff curve number (CN) was therefore reduced by 15% (Annex I).
Soil Profile Properties and Biochar Amendment Treatments
We assumed that the effects of the biochar were confined to the upper 30 cm silty loam layer since the biochar in the field experiment was mixed into the upper silty loam soil layer only to a depth of 10 cm. The underlying clay was assumed to be >2 m thick and to limit root penetration by 50%. This resulted in a maximum rooting depth of 1.2 m. The depth to groundwater in the area is anecdotally known to be several meters, and we therefore set groundwater depth to a constant 4 m so that the soil profile was not affected by capillary rise.
The baseline hydraulic property values of the silty loam and underlying clay representing no biochar amendment (BC0) were taken from the AquaCrop reference manual [21] . Particle size analysis of the 0-30 cm layer showed that it had mean sand and silt contents of 39% and 61%, respectively [17] . To simulate the effect of biochar amendment on soil hydraulic properties, we used values derived from a meta-analysis study by Omondi et al. [12] on the effect of biochar on soil hydraulic properties. In the study by Omondi et al. [12] the effects of biochar amendment (doses ranging from <20 Mg ha −1 to >80 Mg ha −1 ) on soil porosity (corresponding to saturation water content), K sat , and available water capacity (AWC) (i.e., the difference between the amount of water held at field capacity (FC) and permanent wilting point (PWP)) were reported as the mean of the percentage change from the experiment's control values. However, separate values for FC and PWP were not reported. Most of the studies included were greenhouse pot experiments but results from field-based studies were also included, some of which were from the tropics. For the purposes of our study, four biochar amendment scenarios (BC1, BC2, BC3, and BC4) representing the range in percentage changes in hydraulic properties for medium textured soils (loam, silt loam, and silt) brought about by biochar amendment reported by Omondi et al. [12] were considered ( Table 1 ). a Values for silty loam and clay soil texture classes [20] . b Increases in θ TAW , total available water content (=θ FC − θ PWP ), are assumed to be due to an increase in θ FC . Legend: θ SAT , saturation; θ FC , volumetric water content at field capacity; θ PWP , permanent wilting point; K sat , saturated hydraulic conductivity; BC0, baseline hydraulic property values of the silty loam and underlying clay representing no biochar amendment.
Results
Climate and the Water Balance
The annual rainfall amount for 1990 (207 mm) was about a fifth of that in the 2011 (836 mm) and 2012 (899 mm). The higher rainfall in 2011 and 2012 was mainly the result of a few days of very heavy rainfall (Figure 1) .
The maximum daily rainfall in 1990 was 21 mm while in 2011 it was 146 mm and in 2012 124 mm. The number of rainfall days (>0.1 mm day −1 ) in 1990 was 92 while it was 111 in 2011 and 109 in 2012. However, the distribution of the rainfall in 2011 and 2012 differed. While most of the annual rainfall in 2011 fell during the first half of the growing season, most of the annual rainfall in 2012 fell before sowing, but during the growing season the rainfall was more evenly distributed. This clearly affected soil water contents during the growing season of the two years (see below). Most of the daily rainfall infiltrated the soil, but a considerable amount of surface runoff was generated in 2011 and 2012. Reflecting the distribution in the heavy rainfall days, much of the surface runoff in 2011 occurred during the growing season, while in 2012 most of runoff occurred before the growing season. Daily ET, as could be expected, largely mimicked the distribution of rainfall. 
Simulated Rooting Zone Soil Water Contents and Transpiration
Simulated soil water contents of the rooting zone in 1990 were close to permanent wilting point contents at the beginning of the growing season and remained considerably below field capacity contents for the entire growing season (Figure 2 ). By contrast, simulated soil water contents of the rooting zone were near to saturation contents at the beginning of the growing season in 2011 and near FC contents in 2012. The peaks in simulated soil water contents in 2011 and 2012 were clearly associated with heavy daily rainfall events. However, later in the season simulated soil water contents in both years fell below FC and approached PWP at the end of the season in response to the declining rainfall but continuous high ET demand. The effect of biochar amendment was to increase simulated soil water contents of the rooting zone, but the increase compared to the no-biochar treatment (BC0) was small and differed little between the treatments BC1-BC4. For 1990 and 2011, simulated soil water contents belonging to the biochar treatments BC1 and BC2 did not differ from each other and neither did those of the BC3 and BC4 treatments, but the simulated soil water contents of the two pairs of biochar treatments did differ from each other. For 2012, BC1 and BC2 treatments differed from each other as well from BC0. In 1990, the absolute difference in soil water contents between the no-biochar (BC0) and biochar treatments averaged 3 mm for both BC1 and BC2 and 6 mm for BC3 and BC4. For 2011, the corresponding differences were 7 mm and 8 mm, and for 2012, the values were 6 mm and 9 mm. The maximum difference in rooting zone soil water contents between the BC0 treatment and biochar treatments occurred at the beginning of the growing season. In 1990, the maximum difference was 5 mm for both BC1 and BC2 and 9 mm for both BC3 and BC4. The corresponding values for 2011 were 9 mm and 10 mm, and for 2012, 8 mm and 12 mm.
Simulated daily cumulative Tr in 1990 was clearly lower (approximately half the amount) than that in 2011 and 2012 ( Figure 3 ). However, the differences in Tr between the biochar treatments were similar across all 3 years; namely, there was no difference in Tr between BC1 and BC2 treatments nor between BC3 and BC4 treatments, but Tr for both pairs of biochar treatments did differ from each other and from BC0. biochar treatments BC1 and BC2 did not differ from each other and neither did those of the BC3 and BC4 treatments, but the simulated soil water contents of the two pairs of biochar treatments did differ from each other. For 2012, BC1 and BC2 treatments differed from each other as well from BC0. In 1990, the absolute difference in soil water contents between the no-biochar (BC0) and biochar treatments averaged 3 mm for both BC1 and BC2 and 6 mm for BC3 and BC4. For 2011, the corresponding differences were 7 mm and 8 mm, and for 2012, the values were 6 mm and 9 mm. The maximum difference in rooting zone soil water contents between the BC0 treatment and biochar treatments occurred at the beginning of the growing season. In 1990, the maximum difference was 5 mm for both BC1 and BC2 and 9 mm for both BC3 and BC4. The corresponding values for 2011 were 9 mm and 10 mm, and for 2012, 8 mm and 12 mm. Simulated daily cumulative Tr in 1990 was clearly lower (approximately half the amount) than that in 2011 and 2012 ( Figure 3) . However, the differences in Tr between the biochar treatments were similar across all 3 years; namely, there was no difference in Tr between BC1 and BC2 treatments nor between BC3 and BC4 treatments, but Tr for both pairs of biochar treatments did differ from each other and from BC0. Table 1 for explanation) during the 1990, 2011, and 2012 growing seasons. DOY = 1 August-30 November.
Simulated Sorghum Biomass and Grain Yields
Simulated sorghum aboveground biomass and grain yields clearly differed between the dry year (1990) and wet years (2011 and 2012) ( Figure 4) . Averaged across the biochar treatments, biomass production in 1990 was 67% of that in 2011 and 71% of that in 2012. The effect of the drought year on grain yield was, however, less. The yield in 1990 averaged across the biochar treatments was 72% of the yield in 2011 and 81% of the yield in 2012.
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The effect of biochar amendment on biomass and grain yield was only discernible in 1990. The increase in both biomass and grain yield in 1990 was 33% with treatments BC3 and BC4 compared to BC0 and only 14% for treatments BC1 and BC2. For 2011 and 2012, the effect of the biochar amendment treatment was minor, with increases of only 2% or less. The HI for 1990 was 54% for all biochar treatments. For 2011, the HI was 51% for BC0, 49% for BC1 and BC2, and 50% for BC3 and BC4; for 2012, it was 42% for all treatments. The HI values for the field experiment sorghum-only plots were 69% in 2011 and 74% in 2012.
Discussion
Compared to maize and other cereals, sorghum is drought-tolerant and can adapt to water stress during different growth stages by reducing transpiration and maximizing water use efficiency [27] . Nevertheless, in our research we found a direct relationship between simulated biomass and grain yield and annual rainfall for the three years included in our study. However, rather than simply the amount of rainfall being significant, rainfall variability during the growing season may be more important. For example, Msongaleli et al. [4] , using the Agricultural Production Systems Simulator, APSIM [28] model, showed that the length and timing of dry spells during the growing season determined sorghum grain yields in semiarid central Tanzania. Our field experiment and AquaCrop-simulated grain yield results are somewhat contradictory in this respect, with the field experiment grain yield for 2012 being greater than that for 2011, while AquaCrop-simulated grain yields showed the opposite result. The relatively high grain yields obtained from our field experiment in 2012 may be due to the more even distribution of rainfall, and consequently the soil water content of the rooting zone, during the growing season compared to 2011, while the higher AquaCrop-simulated grain yields for 2011 may be the response of the model to the relatively wet first half of the growing season. The growth response and phenology of crops is, however, a complex combination of the effects of both the amount and distribution of rainfall [7, 29] .
AquaCrop has successfully simulated crop biomass and grain yields in a number of African studies [30] [31] [32] [33] . We were able to calculate FAO Penman-Monteith daily ETo values using a full set of daily weather data, thereby maximizing the reliability of the ETo values. θ FC and θ PWP values for untreated soil (BC0) were taken from the soil textural class table provided by AquaCrop [21] , the texture classes having been confirmed by measured particle size analysis [17] . The changes in soil hydraulic properties due to biochar amendment we used were based on an extensive meta-analysis study [12] and were therefore considered appropriate and able to give a realistic account of the effects of biochar. The initial water content of the soil at the start of the simulation run (1 January) was assumed to be at PWP. This assumption is reasonable considering the semi-arid nature of the site and distribution of rainfall. We have no information on local rooting depth and deepening rate but considered the values we used appropriate for the two soil layers forming the rooting zone. For sorghum, a C4 crop, the default canopy growth coefficient value of 0.013 is greater than that for most C3 species [7] , and therefore was considered appropriate. The initial canopy cover value was based on the actual planting density used in the field experiment. The HIo value 45%, the default value suggested for sorghum by AquaCrop (Table S1 ), is at the middle high end of reported HI values. Sorghum HI values are frequently low, being 30% to 40% [7] , and therefore the HIo value we used may have been too high. We are unaware of HI values for the particular cultivar used in this study ("Wad Ahmed"), but Ahmed et al. [34] report HI values for several local sorghum genotypes grown in North Kordofan, Sudan as ranging from 2.5% to 25%. Our AquaCrop-simulated HI values were clearly higher but similar to values derived from the field experiment, indicating that the AquaCrop HI values were reasonable. We therefore consider the parameter values we have used fit for purpose and AquaCrop simulations and results reliable.
Although biochar can affect crop yields through a number of mechanisms, for example, release or immobilization of nutrients, release of other chemicals, soil aeration, and changes in albedo and soil temperature [10] , yields in SSA are probably mostly affected by its effect on soil hydraulic properties and particularly on water-holding capacity. The effect of biochar on soil hydraulic properties varies with soil texture. For example, biochar applied to a sandy soil did not affect K sat in a study carried out by Jeffery et al. [35] while biochar added to a loamy soil increased not only K sat but also pore volume, saturation water content, and AWC in a study performed by Xiao et al. [36] , and the effect of biochar on improving the hydraulic properties of clayey soils was uncertain [15, 37] . However, in a meta-analysis study carried out by Omondi et al. [12] , biochar addition was found to significantly improve all soil hydraulic properties across all soil textures, but it was also found that the changes were greater in coarse-textured soils than in fine-textured soils. We assumed that the biochar-related increases in AWC as reported by Omondi et al. [12] were due to an increase in FC, i.e., an increase in the amount of larger pores. While some of the studies included in Omondi et al. [12] did believe the observed biochar-related increase in porosity to be due to increases in meso-and macro-pores, the increase was more generally attributed to an increase in micro-porosity because of the many micro-pores that biochar contains. However, in order to explain the increase in AWC the increase in FC must be greater than the increase in PWP. In a study performed on a sandy loam soil, Chen et al. [38] found biochar that increased field capacity; the authors attributed this to a decrease in intergranular pore size and to the porosity of the biochar. However, in any case, it is the amount of available soil water that drives biomass production and grain yield in AquaCrop, not the separate values of FC and PWP.
Although biochar amendment was found to increase the simulated soil water content of the effective rooting zone, the increase was relatively small regardless of biochar treatment and year (growing season average differences ranged between 3% and 6%). Nevertheless, the increase in soil water contents during 1990 apparently enabled the sorghum biomass and grain yield to increase, unlike in the wet years 2011 and 2012. The simulated daily cumulative Tr at the end of the growing season in 1990 was approximately half that in 2011 and 2012, clearly a result of the lower rainfall in 1990. Similarly, differences in cumulative Tr between biochar treatments were found, but the differences at the time of harvest were small (3-5 mm in 1990 and <1 mm in 2011 and 2012), indicating that biochar had little effect on sorghum transpiration. The lack of a response in transpiration to biochar amendment has also been found in a greenhouse pot experiment using the same cultivar of sorghum as in this study [18] . In this study, the simulated effect of biochar on biomass and grain yield was the greatest in 1990. This result supports our hypothesis that biochar amendment has a greater impact on crop production and grain yield in dry years. As the increase was greater with BC3 and BC4 treatments, the beneficial effect of biochar would appear to be bought about through increasing soil water storage rather than through increasing permeability (note that biochar-treatment-related increases in K sat had no effect on biomass and grain yields).
Because sorghum is largely grown by farmers on marginal land in an unirrigated fashion and with low input practices and using local landraces, grain yields in Africa are typically low, being 0.5-0.9 Mg ha −1 [7] . Sorghum grain yields in Sudan are often especially low. In a paper by Ahmed et al. [34] , yields were reported as ranging between 0.25 and 0.48 Mg ha −1 , and in a study by Bahar et al. [39] , grain yields of "Wad Ahmed" grown in Central Darfur State were 0.113 Mg ha −1 . For South Sudan, the average sorghum yield in 2012 was estimated at 0.77 Mg ha −1 [6]. Our "Wad Ahmed" measured and simulated grain yields were somewhat higher than these, probably the result of better practices being carried out in our experiments compared to local farming practices.
Studies in the region have shown considerable intra-specific variation in sorghum yields. In a study carried out in North Kordofan [34] , the coefficient of variation (cv) for grain yield among 19 sorghum genotypes was 9%. In our study, the cv for the measured grain yield of "Wad Ahmed" sorghum across biochar and no biochar treatments was 5.4% in 2011 and 4.8% in 2012; that is, nearly half the cv due to genotype of that reported in the Kordofan study [34] . This would suggest that a selection of sorghum variety would give greater scope for improving grain yields than using biochar. In another Sudanese study [39] , while no difference in grain yield among four sorghum genotypes (which included "Wad Ahmed") was found, there was a difference in the number of leaves per plant, leaf area, and susceptibility to disease, and these parameters were affected by sowing date. The authors concluded that the growth parameters of sorghum are determined more by genetic factors than by environmental factors. The growth response of sorghum to biochar may therefore vary with variety and cultivar.
Conclusions
Using the crop water productivity model AquaCrop we were able in this work to simulate the effect of biochar applied to soil in doses that are generally used in practice and which cover the range of changes in soil hydraulic properties that can bring about sorghum aboveground biomass production and grain yield. Overall, our results showed that although increases in rooting zone soil water contents related to biochar amendment are small, they can be enough to considerably increase the biomass and grain yield of sorghum in dry years. Although yields were higher in wetter years, they were unaffected by biochar treatment. This has important implications for sorghum production and potential use of biochar in view of expected changes in rainfall amount and variability in SSA. Given the limited response of grain yield to biochar in our simulations, careful selection of sorghum variety and cultivar and consideration of planting date may be a more effective means of improving yields than applying biochar. However, given the inherent limitations of the modeling approach, further empirical studies on the effects of biochar on crop yields in SSA, especially in view of expected climate change impacts on the water cycle, are needed.
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